CEACAM1-4S (carcinoembryonic antigen cell
tion (8 -11) , and tumor suppression (12, 13) . Despite its proposed function as a cell-cell adhesion molecule, CEACAM1 is often found on the lumenal surface of epithelial cells, suggesting the possibility that it also plays a role in cell polarization and lumen formation. In this respect, we have recently shown that CEACAM1 is expressed on the lumenal surface of normal mammary epithelial cells (14) , and that in a three-dimensional model of mammary morphogenesis, blocking its expression with either an antisense gene or anti-CEACAM1 antibodies blocks lumen formation (15, 16) , while breast cancer cells, which lack CEACAM1 and fail to form lumena in a three-dimensional culture, are restored to normal when transfected with the epithelial specific CEACAM1-4S isoform (16) . CEACAM1 gene expression has been shown to be down-regulated early in colon cancer (12, 17) , and in a variety of cancer models, re-introduction of the CEACAM1 gene causes reversion of the malignant phenotype (18 -20) . Although CEACAM1 is expressed in multiple isoforms with 1-4 Ig-like ectodomains and either long (72 amino acids) or short (12-14 amino acids) cytoplasmic domains, the short cytoplasmic domain isoforms predominate in epithelial cells. Because the cytoplasmic domain of this isoform is only 12-14 amino acids in length (the exact start of the domain is in doubt) it was originally thought not to play a role in signal transduction, but perhaps acted in a dominant negative fashion in the presence of the long cytoplasmic domain. However, we have shown that peptides or glutathione S-transferase fusion proteins from the short cytoplasmic domain bind directly to actin, tropomyosin, calmodulin, and more recently, to the annexin-2 p11 tetramer AIIt (21) (22) (23) .
In this study, we have used mutational analysis of the short cytoplasmic domain of CEACAM1 to reveal which residues are involved in actin interactions and lumen formation. The results of our studies show that mutants F454A and K456A greatly decrease or increase, respectively, actin interactions, whereas the F454A and the double mutant T457A,S459A greatly reduce lumen formation. Further analysis reveals that either Thr 457 or Ser 459 are phosphorylated during lumen formation. The studies that identified these key residues are the subject of this report.
MATERIALS AND METHODS

Construction of Baits for Yeast Two-hybrid Screening
The nucleotide and amino acid sequence for CEACAM1-4S is taken from NCBI entry number NM_001712, gi:4502404, the full-length coding sequence including the N-terminal signal sequence. To construct the bait containing the cytoplasmic domain of CEACAM1-4S (amino acids 451-464), pGKT7/ CEACAM1-4S-cyt for yeast two-hybrid screening, an EcoRI site was introduced in front of Phe 451 (nucleotide 1352) of CEACAM1-4S by site-directed mutagenesis, using a set of primers, 5Ј-GCAGTAGCCCTGGAATTCTTTCTGCATT-TCG-3Ј/5Ј-CGAAATGCAGAAAGAATTCCAGGGCTAC-TGC-3Ј, and KS/CEACAM1-4S as template. The plasmid DNA was digested by EcoRI and PstI (located at 3Ј-untranslated region CEACAM1-4S cDNA). The resulting fragments were then subcloned into the pGKT7 (Clontech) between the EcoRI and PstI sites to create pGKT7/CEACAM1-4S-cyt. All PCR were performed using Pfu Turbo DNA polymerase (Stratagene, La Jolla, CA).
pGKT7/CEACAM1-4S-cyt Mutants
A series of single and dual alanine mutants of CEACAM1-4S-cyt were created by sequence overlap extension PCR. The Matchmaker 5Ј DNA-BD vector insert screening sense amplimer was: 5Ј-TCATCGGAAGAGAGTAGTAAC-3Ј, and Matchmaker 3Ј DNA-BD vector insert screening antisense amplimer was: 3Ј-GAGTCACTTTAAAATTTGTATAC-5Ј. For each mutant, a set of inside primers were synthesized (supplementary Table 1S ). The pGKT7/CEACAM1-4S plasmid served as the template. In the first PCR run, the inside antisense primer was used with the external sense primer and the inside sense primer was used with external sense primer to create two overlapping fragments. Both of these fragments served as templates to produce the larger fragment using the external primer set. The resulting products were digested with EcoRI and PstI, and ligated into pGKT7 previously cut with the same restriction enzymes. The pGKT7/CEACAM1-4S-cyt was also mutated to create pGKT7/CEACAM1-4S-cyt-DD by site-directed mutagenesis using a set of primers (supplementary Table 1S ). The amino acids mutated were T457D,S459D, which mimic phosphorylation at these two sites.
Yeast Two-hybrid Screen and Analysis
The Clontech human cDNA liver library used for screening contains 4 ϫ 10 6 independent clones. The cytoplasmic domain from CEACAM1-4S (amino acids 451-464) was subcloned into pGKT7, transformed into yeast AH109 cells, and used as bait to screen the library. After mating, cells were plated on plates lacking Leu, Trp, His, and adenine (Ade). Colonies were replica plated onto a plate lacking Leu, Try, His, and Ade and printed onto a filter paper for ␤-galactosidase analysis using 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) as a substrate. Plasmid DNA of positive diploid clones were purified and transformed into Escherichia coli DH5. Transformants carrying the ACTII/prey were selected on LB/ampicillin plates. Plasmid DNA was purified and sequenced. The ACTII/prey plasmid DNA was transformed into yeast AH109 carrying the CEACAM1-4S-cyt bait construct or transformed into yeast Y187 for mating experiments. The co-transformants or mated cells were selected on plates lacking His and Trp. Colonies were picked and the supernatant of the overnight culture was used to assay for ␣-galactosidase. The cell mass was calculated by measuring the absorbance at A 600 nm . The ␣-galactosidase activity was measured using p-nitrophenyl-␣-galactopyranoside as a substrate according to the Clontech manual, and normalized to the cell mass (A 410/600 nm ) for comparison.
Mammalian Expression Vectors
To construct the mammalian expression vector pH␤-CEACAM1-4S-F454A, a single amino acid mutation (nucleotide 1360) was created by PCR site-directed mutagenesis, using KS/CEACAM1-4S as a template. KS/CEACAM1-4S-F454A was digested with SalI and HindIII and ligated into the pH␤-actin vector digested with SalI and HindIII. The ␤-actin promoter containing expression vector has been previously described (24) .
pCDNA3/CEACAM1-4S-eGFP
To create a XmaI site for the insertion of eGFP into CEACAM1-4S, we first deleted the XmaI site located in the multicloning sites of the KS/CEACAM1-4S vector by PCR site-directed mutagenesis, using a set of primers: 5Ј-GAATT-CCTGCAGCCTGGGGGATCCACTAG-3Ј/5Ј-CTAGTGGA-TCCCCCAGGCTGCAGGAATTC-3Ј. An XmaI site was introduced between Pro 427 (nucleotide 1279) and Gly
428
(nucleotide 1281) of CEACAM1-4S by PCR site-directed mutagenesis, using the set of primers: 5Ј-GAAAATGGCCTC-TCACCCGGGGCCATTGCTGGCATTG-3Ј/5Ј-CAATGCC-AGCAATGGCCCCGGGTGAGAGGCCATTTTC-3Ј. A fulllength eGFP clone containing a XmaI cutting site and a G4 linker on both ends was amplified by PCR using PE-GFP-N2 (Clontech) as the template, a set of primers containing XmaI site and the G4 linker, 5Ј-TCCCCCCGGGGGAGGAGGAAT-GGTGAGCAAGGGC-3Ј/5Ј-TCCCCCCGGGTCCTCCTCC-CTTGTACAGCTCGTC-3Ј, were used. The PCR product was digested with XmaI, the eGFP fragment was purified and subcloned into KS (XmaIϪ)/CEACAM1-4S (XmaIϩ) previously digested with XmaI to create the KS/CEACAM1-4S-eGFP vector. The CEACAM1-4S-eGFP fragment was cut out from KS/CEACAM1-4S-eGFP and subcloned into pCDNA3 previously digested by KpnI and EcoRI. In the resulting vector a G4 linker were introduced after Pro 427 of CEACAM1-4S, and a PG3 linker was introduced before Gly 428 of CEACAM1-4S. Mutations at Thr 457 and Ser 459 in the cytoplasmic domain of CEACAM1-4S were constructed according to the QuikChange Site-directed Mutagenesis Kit (Stratagene). In short, mutations were introduced into CEACAM1-4S/pBluescript II KS by PCR primers shown in supplementary Table 1S . PCR conditions were 95°C for 1 min, 18 cycles at 95°C for 30 s, 55°C for 1 min, and 68°C for 14 min. The parental (unmutated) strand was removed by DpnI digest. Mutants were sequenced and the selected clones were subcloned into the SalI and HindIII restriction sites of the pH␤-actin expression vector. Cell transfections were performed using Lipofectin reagent (Invitrogen) as per the manufacturer's instructions. Cells were maintained in minimal essential medium with 10% fetal bovine serum (FBS) and selected in 0.1-1.0 mg/ml G418 for 5 weeks to create stable CEACAM1-4S mutant cell lines. Geneticin-resistant cells were sorted for CEACAM1 expression, grown in a Matrigel sandwich assay, and scored for acinus formation. Statistical analysis was performed using Fisher's Exact test. For the Matrigel sandwich assay, 12-well plates were coated with 150 l of Matrigel and incubated at 37°C for 30 min to let the Matrigel solidify. Cells (1 ϫ 10 5 ) in 500 l of mammary epithelial basal medium (MEBM) (Clonetics) plus pituitary gland extract (Cambrex) were added to each well. After 3 h of incubation the floating cells were removed and the bound cells were overlaid with 150 l of 50% Matrigel (1:1, Matrgiel gel:MEBM plus pituitary gland extract and cholera toxin (100 ng/ml final)). Culture medium was changed every other day. After 6 days the Matrigel cultures were fixed with 2% paraformaldehyde or formaldehyde for histochemistry analysis.
Cell Culture and Transfection of Jurkat, HeLa, and MCF7 Cells
Jurkat cells were grown in RPMI supplemented with 10% FBS. MCF7 and HeLa cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% FBS. Cells (1 ϫ 10 7 / ml) were harvested and washed in Opti-MEM. An aliquot (800 l) of cell suspension was mixed with 25 g of DNA (in 20 -30 l) and transferred to an electroporation cuvette with a 0.4-cm electrode gap (Bio-Rad). Electroporation parameters used were 260 V, 900 microfarads, resulting in a pulse time of 20 -23 ms. Stable transformants were selected with geneticin and selected clones were shown to have high levels of cell surface expression by fluorescence-activated cell sorter and confocal fluorescence analysis. Cells were grown in Matrigel as described above.
Immunohistochemistry and Confocal Microscopy
Immunohistochemistry was performed according to Huang et al. (14) using anti-CEACAM1 monoclonal antibody 5F4 (kind gift from Dr. Richard Blumberg, Boston, MA). For immunofluorescence, Alexa 546 (Molecular Probes, Eugene, OR) conjugated monoclonal antibody T84.1 (1 g/ml) was used to detect CEACAM1. Staining was visualized on a Zeiss model 310 confocal microscope. The cellular distribution of CEACAM1-4S in stably transfected Jurkat cells was performed on cells plated on 6-well slides precoated with 20 ng/ml fibronectin. Cells were incubated at 37°C for 30 min followed by treatment with nocodazole (Sigma) or cytochalasin B (Sigma) at a final concentration of 5 g/ml. After a 30-min incubation, cells were fixed in 2.5% paraformaldehyde in phosphate-buffered saline for 15 min and incubated for 1 h with anti-CEACAM1 antibody T84.1 (1:500), followed by a 1-h incubation with Alexa 488-conjugated goat anti-mouse IgG (Molecular Probes). After washing three times with cold phosphatebuffered saline, cells were permeabilized in PSG (0.01% saponinin phosphate-buffered saline) containing 0.5% Nonidet P-40 for 20 min at room temperature. Cells were stained for F-actin with Texas Red-conjugated phalloidin (Molecular Probes). For colocalization of CEACAM1-4S-eGFP with F-actin, Jurkat or MCF7 stable transfectants were grown in 6-well chamber slides in Dulbecco's modified Eagle's medium with 10% FBS. In some experiments chamber slides were precoated with laminin 10/11 (Sigma), followed by fixation and permeabilization as described above. F-actin was stained with Texas Red-conjugated phalloidin. The slides were mounted in 80% glycerol/phosphate-buffered saline and observed on a Zeiss confocal microscope using fluorescein isothiocyanate and rhodamine filter settings to detect GFP and Texas Red-phalloidin, respectively.
Peptide Synthesis
Synthetic peptides corresponding to the 12 amino acids adjacent to the transmembrane domain of the CEACAM1 short cytoplasmic domain were synthesized using Fmoc chemistry with an N-terminal mercaptoundecanoic acid (MUA) extension by the City of Hope Peptide Synthesis Core. 15 N-labeled Fmoc amino acids were purchased from Cambridge Isotope Labs. MUA was purchased from Aldrich, and the mercapto group was protected by reaction with trityl chloride. The S-trityl derivative was purified by silica gel chromatography. Briefly, 11-mercaptoundecanoic acid (10 mmol, 2.18 g) was dissolved in dry pyridine (20 ml) and trityl chloride (11 mmol, 3.06 g) was added. The reaction mixture was left for 18 h, quenched with 20 ml of ethanol, and concentrated under reduced pressure. The residue was dissolved in 150 ml of dichloromethane, cooled to 0°C, and washed with ice-cold 1 M citric acid (3 ϫ 50 ml) and saturated brine (50 ml), dried with anhydrous magnesium sulfate, and concentrated under reduced pressure. The crude product was purified on Silica Gel H (120 g) in a gradient of ethanol/dichloromethane (0 -3%) with 1% of acetic acid present in both. Chromatography was monitored by TLC (Si60, Merck) in 10% dichloromethane/ethanol/acetic acid (89:10:1). The yield of pure product (R F ϭ 0.65) was 4.0 g (8.75 mmol). Trityl-S-MUA (0.25 mmol) was dissolved in 0.5 ml of 1-methyl-2-pyrrolidinone, 0.5 M HOBt, and reacted with 0.25 ml of 1 M dicyclohexylcarbodiimide in dichloromethane for 30 min, filtered to remove the precipitated urea, and added to the peptide/solid support (0.1 mmol) containing a free amino group. Coupling was performed at 65°C for 30 min, the resin was washed with N,N-dimethylformamide, dichloromethane, dried, and cleaved with trifluoroacetic acid/water/ethanethiol/ triethylsilane (90:5:2.5:2.5) for 30 min at 40°C. Peptides were purified to Ͼ95% purity by reversed-phase high performance liquid chromatography on a Vydac C 18 column and their masses confirmed by electrospray ionization mass spectrometry on a Finnigan LCQ ion trap mass spectrometer.
BIAcore Analysis
Biomolecular interaction analyses were carried out in HBS buffer (150 mM NaCl, 0.05% (v/v) Surfactant P20, 10 mM HEPES, pH 7.4 or 5.5) using the BIAcore 2000 (BIAcore, Inc.). Depending on the experiment, 2 mM CaCl 2 was added to the HBS. Nonmuscle G-actin (Cytoskeleton, Inc.) was immobilized on a CM5 sensorchip (BIAcore) using the Amine Coupling Kit (BIAcore). The surface of the sensorchip was activated with 30 l of EDC/NHS (100 mM N-ethyl-NЈ-(dimethylamino-propyl)-carbodimide hydrochloride, 400 mM N-hydroxysuccinimide) using a flow rate of 5 l/min. For immobilization of proteins, 1-10 g of G-actin or vitamin D-binding protein (DBP, Sigma) in 100 l of 10 mM sodium acetate, pH 4.0, were applied (flow rate: 5 l/min). Subsequently, the sensorchip was deactivated with 30 l of 1 M ethanolamine hydrochloride, pH 8.5 (flow rate: 5 l/min), and conditioned with 10 l of 25 mM HCl (flow rate: 20 l/min). Thiol immobilization of MUA peptides was performed according to application note 9 from BIAcore. Briefly, a CM5 chip was activated by NHS/EDC (1:1, 10 l) followed by pyridine disulfide ethane amine (20 l of 80 mM in 0.1 M sodium borate, pH 8.5) followed by MUA-peptide (7.5 l of 2 mg/ml in 10 mM sodium acetate, pH 4.0) followed by cysteine, 1 M NaCl (20 l of 50 mM in 0.1 M sodium acetate, pH 4.0) to block excess sites. Binding studies and regeneration of the chip surface between injections were carried out at a flow rate of 20 l/min unless otherwise noted. Samples were diluted in HBS buffer immediately prior to injection. Between sample injections the surface was regenerated with 15 l of 25 mM HCl. Data were analyzed with BIAevaluation 3.1 software (BIAcore), and curve fitting was done with the assumption of one-to-one (Langmuir) binding. STD (Saturation Transfer Difference)-Experiments are widely used to identify the interaction between small ligand and large target biomolecules, and to determine the binding epitope of the ligand (25, 26) . The advantage of the STD approach is that it works on large sized, and low concentrations of biomolecules without a requirement for isotope labeling of biomolecules. The concentration of protein can be as low as in the nanomolar range, and the optimal K D ranges from 10 Ϫ3 to 10
NMR Analysis
HSQC-Peptide
STD is composed of two experiments. The first is a saturation experiment with carrier frequency irradiation on protein signals for a period of 2-5 s with soft pulse so that the target signals are saturated and ligand signals are not excited. Next, a reference experiment is carried out with a carrier frequency far away from protein and ligand signals. The two experiments are usually carried out in an interleaved fashion and the subtraction is realized by phase cycling. For a large sized protein, the saturation on any part of the protein (usually the methyl region) is spread out quickly through a spin diffusion mechanism to whole protein as well as the ligand in close contact with the protein. (25) . Rabbit muscle actin (1 mg) was dissolved in 2 ml of G buffer, and then dialyzed two times versus 1 liter of G buffer at 4°C. After dialysis, the G buffer was extensive exchanged to a G buffer prepared with D 2 O, deuterated dithiothreitol, and deuterated Tris. The final actin concentration was about 0.02 mM.
STD experiments were carried out on a 500 MHz Bruker instrument with a TXI probe equipped with triple axis gradients. The irradiation power of the selective Gauss-shaped pulses was set to 86 Hz with duration of 55 ms. Saturation of actin signals was achieved with a train of 70 gauss-shaped pulses separated by a 1-ms delay. The on-resonance irradiation of the actin sample was carried out at Ϫ2.4 ppm, and no saturation of CEACAM1 peptide in the absence of actin was observed under these experimental conditions. The off-resonance irradiation was performed at Ϫ30 ppm. A 40-ms spinlock pulse with field strength of 4960 Hz was used to suppress the background signals of actin. The saturation time was optimized by arraying the numbers of gauss-shaped pulse, and the highest STD signals were obtained with saturation time of 3.9 s.
Molecular Modeling-A molecular model of CEACAM1-4S transmembrane and cytoplasmic domains was built using the HOMOLOGY module within INSIGHT II 2000 software (Accelrys Inc., San Diego, CA). Predicted transmembrane residues 429 -452 were modeled using residues 437-460 from the membrane protein AcrB multidrug efflux pump as a template (26) . Coordinates for the cytoplasmic tail (residues 453-464) were modeled using residues 132-143 of the DBP bound to actin as a template (27) . The DBP-actin complex also served as a template for the initial docking of the cytoplasmic domain of CEACAM1-4S with the terminal unit of F-actin, as modeled by Holmes et al. (28) , coordinates were courtesy of Ken Holmes, Max Planck Institute for Medical Research, Heidelberg, Germany. To complete the model, the transmembrane helix of CEACAM1-4S was embedded in a standard model of a fluid lipid bilayer. Docking was optimized using the DISCOVER 3.0 module within INSIGHT II. The consistent valence force field was used throughout (29) . The conformation of the cytoplasmic domain of CEACAM1-4S and segments of actin within 4.5 Å were simultaneously optimized using molecular dynamics (50 ps at 300 K) followed by conjugate gradient minimization to a maximum derivative of 0.5 kcal/mol Å.
Phosphorylation of CEACAM1-4S-MCF7 cells (1 ϫ 10 7 ) transfected with CEACAM1-4S were grown in a three-dimensional culture for 4 days, incubated with phosphate-free RPMI 1640 plus 1% dialyzed FBS and 11 mCi of [ 32 P]orthophosphate (ICN), harvested with Matrisperse (Collaborative Biomedical Products), and lysed with 2% Nonidet P-40. CEACAM1 was immunoprecipitated with anti-CEACAM1 monoclonal antibody T84.1, and the proteins separated by SDS-gel electrophoresis and Western blot and autoradiography was performed to locate the 32 P-labeled CEACAM1 band. The band was excised and counted in a Packard 1600CA scintillation counter. In a second experiment for CEACAM1-4S, transfected and vector control cells were grown for 4 days in Matrigel, harvested with Matrisperse, and lysed with 2% Nonidet P-40. CEACAM1 was immunoprecipitated as above and Western blot analysis was performed with anti-CEACAM1 monoclonal antibody T84.1, polyclonal antibody 22-9 that is specific for the cytoplasmic domain of the short cytoplasmic domain of CEACAM1, or phospho-Ser phospho-Thr-specific antibodies (Calbiochem).
RESULTS AND DISCUSSION
Identification of Actin Binding Residues by a Yeast Two-hy-
brid Assay-To identify the cytoplasmic domain residues in CEACAM1-4S that can interact with actin in vivo, we exploited the power of the yeast two-hybrid assay. The assay was first validated by an unbiased screen of a 14-amino acid version of the cytoplasmic domain of CEACAM1-4S (see Fig.  1 ) as bait versus a human liver cDNA library fused to the Gal4 AD (pACTII vector) as prey. A liver cDNA library was chosen because of the high level of polarized expression of CEACAM1 and its co-localization with actin in hepatocytes (1). Of 4.2 ϫ 10 6 yeast transformants, more than 3000 positive clones were obtained of which 50 were randomly selected for sequence analysis. Only 10 of the 50 clones had an in-frame coding sequence. Two of these clones corresponded to the C-terminal region of ␤-actin (residues 275-375). As expected for this type of library, the ␤-actin clones were not full-length. However, the fact that the bait bound to the C-terminal region of ␤-actin suggested the possibility that the binding site was in the C-terminal region (subdomains 1 and 3) that encompasses a hot spot where multiple actin-binding proteins bind, including DBP, marine toxins, ADF/cofilin, gelsolin, and F-actin (30) .
To determine critical residues in the cytoplasmic domain bait, the relative strengths of interaction of various mutants were determined using ␣-galactosidase as the inducible marker. When the ␤-actin prey (pACTII/␤-actin-275-375) was co-transformed into cells with the empty bait vector, no significant ␣-galactosidase activity was detected. However, when the cells were co-transformed with the CEACAM1-4S-cyt bait significant ␣-galactosidase activity was observed (Fig. 1) , indicating that the bait-prey interaction was specific. Because the partial actin clone contained only a C-terminal portion of ␤-actin, we also generated a full-length ␤-actin construct (pACTII/␤-actin-(1-375)) that also interacted with the CEACAM1-4S-cyt bait, but at a lower relative strength (Fig. 1) . This result suggested that the ␤-actin binding site for the cytoplasmic domain of CEACAM1-4S may be less accessible or inherently weaker in the full-length versus the C-terminal partial clone of ␤-actin. Although the magnitude of binding was uniformly lower, the binding orders of various mutants were the same when comparing different full-length versus partial clones of ␤-actin as prey.
To further define the interacting sites of the cytoplasmic domain of CEACAM1-4S with ␤-actin, six double Ala mutants of CEACAM1-4S-cyt were tested against the C-terminal clone of ␤-actin because of its higher response in the ␣-galactosidase assay compared with the full-length clone. When residues His 453 and Phe 454 were replaced by Ala, the binding activity was decreased to 25% of the parental wild-type construct (Fig. 1) . When the following two residues were replaced with Ala (G455A,K456A) a 40% increase in binding was observed. All of the subsequent double Ala mutants did not show a dramatic effect on binding activity. To define the role of individual residues in the critical sequence HFKG, single Ala mutants were constructed at each residue and the binding activity of each construct measured. The F454A mutant had the same degree of inhibition of actin binding as the double mutant (H453A,F454A), whereas the H453A mutant had the same ␤-actin binding activity as the wild-type construct. Similarly, analysis of single alanine mutants demonstrated that replacement of Lys 456 with Ala was responsible for the increase in binding activity observed with the double mutant. These results indicate that Phe 454 and Lys 456 play major roles in mediating the direct interaction of the CEACAM1-4S cytoplasmic domain with ␤-actin, one residue exerting a positive effect on binding, and the other exerting a negative effect on binding.
A Membrane Model of the CEACAM1 Cytoplasmic Domain Interaction with Actin-Although we have demonstrated that the 12-14-amino acid cytoplasmic domain of CEACAM1-4S can directly interact with actin, tropomyosin, calmodulin, and more recently, with AIIt (the annexin 2-p11 tetramer), the short length of the cytoplasmic domain, the controversy over its exact start, and its close proximity to the membrane create difficulties in conceptualizing these interactions. In fact, most physical measurements of its molecular interactions have involved glutathione S-transferase fusion proteins or peptides immobilized on biosensor chips, ignoring the proximal effects of the transmembrane domain and lipid bilayer (21) . To understand these effects better, a model with the transmembrane domain traversing a lipid bilayer was constructed and both an actin monomer and F-actin filament were docked to the cytoplasmic domain using all of the available information from the yeast two-hybrid experiments. Because the C-terminal 100 amino acids of actin corresponds mostly to subdomain 3, we constructed a model in which CEACAM1-4S binds this subdomain. Potential docking sites were identified by examining all published crystal structures of actin bound to various proteins, peptides, and small molecules. Using this information, DBP bound to actin (27) was identified as the most suitable modeling template, not only because it binds to subdomain 3, but also because the interaction involves a linear stretch of amino acids (DBP residues 133-143) that begins with a phenylalanine ( Fig. 2A) . Assuming an ␣-helix for the transmembrane portion of CEACAM1-4S, the last amino acid in contact with the phospholipid portion of the lipid bilayer is probably His 453 , a residue that may be positively charged, helping to anchor the transmembrane domain and orient the cytoplasmic domain. Interestingly, the next residue, Phe 454 , and those that follow, are in positions to make a docking contact with either G-or the terminal unit of F-actin (Fig. 2B ) in a groove defined by segments 281-292 and 323-332 (Fig. 2C) . Granted, the DBP-actin interaction buries a much larger surface area and involves several discontinuous peptide segments rather than a single short peptide extending from a membrane as we have modeled, but the template underscores the possibility that this particular groove on actin can utilize Phe as a docking residue in its interactions with other proteins. Therefore this model is consistent with our conclusion from the yeast two-hybrid studies that indicated Phe 454 was a critical residue. It is also important to note that segments 281-292 and 323-332 contribute residues to loops that supposedly participate in actin-actin interactions when G-actin polymerizes to form F-actin (31, 32) , thus underscoring the fact that these segments constitute a widely utilized multifunctional binding site. This observation may also explain why actin fragment 275-375 was much more active in our yeast two-hybrid assay than whole actin. The latter has the potential to undergo polymerization, thus masking many potential CEACAM1-4S binding sites, whereas the former does not.
Furthermore, actin fragment 275-375 probably dimerizes because many previously buried hydrophobic residues are exposed when the fragment is expressed in isolation. Dimerization would be expected to increase the avidity of the prey compared with native actin.
Binding Kinetics of the Cytoplasmic Domain-Actin Interactions-To test the role of Phe
454 in CEACAM1-4S in a kinetic assay, we immobilized actin on a CM5 BIAcore chip and tested the binding of the wild-type synthetic peptide versus the F454A mutant. Previous studies had shown that the cytoplasmic domain peptide expressed as a glutathione S-transferase fusion protein bound to immobilized actin with a K D of 30 nM, whereas the actin co-sedimentation assay gave a K D of 7 M (21). However, both of these assays fail to mimic the in vivo situation where the cytoplasmic domain protrudes from the phospholipid membrane in an organized, oriented manner. To approximate these conditions, we have synthesized the CEACAM1 cytoplasmic domain peptide with an N-terminal MUA acyl group that permits oriented binding of the peptide to a biosensor gold surface (23) , in solution as oriented micelles, or as described later, to a CM5 chip using thiol immobilization chemistry. As show in Fig. 3A , the wild-type N-acyl MUA peptide binds to immobilized actin with a K D of 2.94 M, a result in reasonable agreement with our co-sedimentation study. Moreover, when the F454A mutated N-acyl MUA peptide was tested, no binding was detected (Fig. 3A) , a result in agreement with our membrane model and yeast two-hybrid results. Because the actin-binding protein DBP was used in our membrane model, we also tested its ability to bind actin under the same assay conditions (Fig. 3B) . Surprisingly, no DBP binding to immobilized actin was observed, but when DBP and wild-type N-acyl MUA peptide were mixed, increased binding was seen over that of peptide alone. This means that the peptide was able to promote DBP binding to actin, suggesting that actin undergoes a state change upon interaction with peptide. The inability of DBP to bind immobilized actin prompted us to test the system in the opposite configuration, where DBP is immobilized and actin is passed over the chip. In this case, actin binds to immobilized DBP showing saturable binding with negligible dissociation. As expected, the wild-type N-acyl MUA peptide shows no DBP binding (Fig. 3C) . However, when actin is mixed with the peptide, inhibition of binding is observed, suggesting that the two share an overlapping actin-binding site, as predicted by our model.
The asymmetric BIAcore binding results obtained with DBP and actin were also observed for the N-acyl MUA peptide and actin, but in the opposite manner. When actin is passed over either thiol-immobilized N-acyl MUA peptide on a CM5 chip or immobilized on a bare gold surface, no binding is observed (data not shown). However, if the N-acyl MUA peptide is immobilized by amine chemistry (binding through Lys 456 ) to a CM5 chip, saturable binding is observed with negligible dissociation (Fig. 3D) . When actin is mixed with DBP, inhibition of binding is observed (Fig. 3D) , demonstrating again that DBP and peptide compete for the same binding site, as our model predicts. Thus, both the yeast two-hybrid and biochemical studies demonstrate the binding of the cytoplasmic domain of CEACAM1-4S to actin and provide evidence that Phe 454 is a critical residue.
Binding of the Cytoplasmic Domain to Actin Demonstrated by NMR HSQC and STD Studies-The asymmetric binding of the CEACAM1 N-acyl MUA peptide to actin suggests that actin binding is controlled by either a conformational change in actin, in the peptide, or in both actin and the peptide. To further explore this idea, we synthesized the wild-type peptide incorporating 15 N-Phe in the position of Phe 454 , with the expectation that the 15 N-1 H correlated peak would be shifted in the presence of actin. Surprisingly, no HSQC cross-peak was observed for this peptide at pH 7.0, even in the absence of actin. However, when an 15 N natural abundance spectrum was recorded using a much higher peptide concentration (20 mM), signals were observed for all other amide protons in the peptide (data not shown). To explain these results, the amide proton at Phe 454 must be completely dissociated or line broadened to baseline levels at pH 7. When the pH was lowered to 5.5, the HSQC cross-peak appeared (Fig. 4A) , in support of the idea that this amide proton is completely dissociated at pH 7.0. In addition, the HSQC cross-peak was significantly shifted by the addition of actin (Fig. 4A) , demonstrating the interaction of Phe 454 with actin. When the experiment was repeated with the mutated 15 N-labeled F454A peptide, only a minor shift was observed on the addition of actin (Fig. 4B) . Upon examination of the peptide sequence, we predicted that the peptide might undergo a ␤ or ␥ turn at residues 454 -456 (Phe-Gly-Lys) and that the ⑀-amino group of Lys 456 is the best candidate group responsible for the deprotonation of the Phe 454 backbone amide at pH 7, most likely via stabilization of the enol form of the amide. The prediction that Lys 456 plays a role in actin binding is supported by the yeast two-hybrid results that show that the K456A mutant has increased actin binding over the wild-type sequence.
To further confirm the interaction between the peptide and actin, STD experiments (see "Materials and Methods" for an explanation of the technique) were performed on both wildtype and F454A peptide at pH 7 according to Mayer and Meyer (25) . The molar ratios between both peptides and actin were 100:1 with actin concentrations of 0.02 mM. Other experimen- , respectively. All other well resolved STD signals are in the 2.9 to 6.7% range. The STD signal of H␥ from Lys 456 is 4.9, which means that Lys 456 is not in close contact with actin, but may play a regulatory role in the interaction between peptide and actin as discussed in the last section. Because the strongest STD signals are observed for all five protons on the aromatic ring of Phe 454 , the results are in agreement with the model that shows the aromatic ring embedded in a hydrophobic pocket in actin. Signal H4 of His 453 is superimposed on either an impurity or minor conformation of the peptide making analysis of its interaction with actin difficult to interpret. Even including these contributions, the STD of H4 of His 453 is only 15%. In agreement, the STD for H1 of His 453 is even less (5.6%). The ATP signals marked with an asterisk did not appear in the STD spectra because ATP binding to actin is tight (K D ϳ 7 ϫ 10 Ϫ11 M) (27) . Although several impurity or minor peptide conformation signals (less than 5% in the reference spectra) are present in the STD spectra, they do not interfere in the analysis, except for H4 of His 453 as discussed above. Fig. 4, E and F, show the reference and STD experiments carried out on the mutant F454A peptide in complex with actin. Compared with the wild-type peptide, the overall STD signal intensity is much less than the STD values observed on the wild-type peptide-actin complex. The maximum STD of the mutant peptide is only 2.5% from Leu 463 methyl group. All other well resolved peaks have STD signals in the range from 0.5 to 1.1%. These insignificant STD signals indicate that mutant peptide has no specific interaction with actin. Thus, the STD data confirm that the wild-type but not the F454A mutant peptide interacts with actin under physiological conditions.
Confocal Analysis of Wild-type and Mutant CEACAM1-4S-Actin
Interactions-To test the role of Phe 454 of CEACAM1-4S in vivo, we used live cell transfection assays and examined the co-localization of mutant CEACAM1-4S-eGFP fusion proteins with actin. Because we wanted to avoid affecting either the cell-cell adhesion properties of CEACAM1 that are contained in the N-terminal domain (33) or the signaling activities contained in the short cytoplasmic domain, the eGFP gene was inserted just prior to the start of the transmembrane domain. Previously, we have shown that this fusion protein is expressed at the plasma membrane and faithfully executes a morphogenic program in the three-dimensional culture of transfected MCF7 cells (16) . In all cases, clones were selected based on their high level of surface expression of the transfected gene. When the MCF7/CEACAM1-4S-eGFP transfectants were grown on laminin-coated slides and stained with phalloidin for F-actin, the laminin attachment areas revealed a halo of co-localized ␤-actin and CEACAM1-4S extended beyond the cell perimeter (Fig. 5A) . In this case, the cells have just begun to flatten out after attachment to substrate. The results show a uniform expression of CEACAM1-4S on the cell surface, but demonstrate that F-actin and the fusion protein have concentrated to the newly forming lamellapodia and fillopodia. Notably, CEACAM1-4S colocalizes to all but a few of the F-actin attachment points, which in some cases exclude CEACAM1. Because integrins play a major role in the attachment points, these results may suggest that CEACAM1 involvement is limited to a subset of integrins in agreement with our previous studies (34) . When the same cells are grown on plastic, they exhibit a typical epithelial cell morphology and demonstrate CEACAM1-4S and F-actin enrichment and co-localization between the cells (Fig. 5B) . This result is typical of the staining we see for CEACAM1 positive epithelial cells grown on plastic. When the fusion protein is transfected into HeLa cells and grown on laminin-coated slides, the cells attach poorly due to the lack of surface expression of ␣3 integrin, but do form some cell-cell adhesion groups in which the CEACAM1-4S and F-actin co-localize between the cells (Fig. 5C ). When the same cells are grown on plastic they attain a flattened morphology exhibiting distinct regions of colocalization between CEACAM1-4S and F-actin (Fig. 5D) . Whereas the reason for this complex expression pattern is not apparent, we show the results to demonstrate that co-localization of the two molecules is not due to the trivial reason that both are expressed at the plasma membrane. When CEACAM1-4S-eGFP is expressed in Jurkat cells that are plated onto fibronectincoated slides, the fusion protein is localized to the cell surface in distinct microdomains (Fig. 5, E and F) . When the cells contact each other, they form cell-cell interactions in which all of the fusion protein migrates to the cell-cell boundary (Fig. 5G) . Although these boundaries demonstrate co-localization with F-actin, we cannot conclude that the co-localization is significant because the F-actin has a cortical distribution in these cells. However, when these cells are treated with either nocodozole, a potent microtubule-disrupting reagent, or cytochalasin B, an actin polymerization disrupting agent, the cells expel a membrane bleb at the substrata attachment point that is enriched in both F-actin and CEACAM1-4S (data only shown for nocodazole, see below). In both cases, the bleb shows substantial co-localization of both molecules. Clearly, these phenomena involve a substantial rearrangement of the cytoskeleton. Because these treatments allow visual quantification of the degree of co-localization of the two molecules, we used this assay to determine whether the F454A mutation in the cytoplasmic domain of CEACAM1-4S that affected actin binding in the yeast two-hybrid assay was functional. As shown in Fig. 5 , H-M, the wild-type fusion protein exhibits high correlation of co-localization of the two molecules (about 80%), whereas the F454A mutant shows reduced ability to co-localize the two (about 30%). The reduced ability of the mutant to co-localize with F-actin demonstrates that the mutant has a profound, but not total effect, upon F-actin localization during a process that involves substantial cytoskeletal rearrangement.
A second assay that involves substantial cytoskeletal rearrangements is the three-dimensional model of mammary morphogenesis in which MCF7 cells transfected with CEACAM1-4S form acini with lumena when grown in Matrigel for 6 days. When vector control transfected MCF7 cells are grown in a sandwich Matrigel assay (see "Materials and Methods") they form acini without lumena as seen by phase-contrast microscopy and by staining with phalloidin (actin) and 4Ј,6-diamidino-2-phenylindole (nuclei) in Fig. 6 , A-C. When the Matrigel is paraffin-embedded and analyzed by immunohistochemistry, only background staining for CEACAM1 is observed (Fig. 6, D-E) . When MCF7 cells transfected with wildtype CEACAM1-4S are grown in the sandwich Matrigel assay, lumena with a defined ring of actin are observed and the staining for CEACAM1 is localized to the luminal surface (Fig. 6,  F-J) . When MCF7 cells containing the F454A mutant were analyzed, the percent lumen formation was reduced to that found for vector control (Table 1, Fig. 6K ). Overall, the F454A mutant-transfected cells form 6-fold less acini with lumena compared with wild-type-transfected cells. Because CEACAM1 and actin both exhibit intense staining at the luminal surface, and the F454A mutation disrupts this interaction, we conclude that Phe 454 is the critical actin binding residue in CEACAM1-4S. We further conclude that the direct interaction of CEACAM1-4S with actin is physiologically important, and that CEACAM1-4S is a major effector in the cytoskeletal rearrangements required for lumen formation in this model. CEACAM1-4S reveals the presence of Thr 457 and Ser 459 , residues that have been previously shown to be phosphorylated in murine CEACAM1 and predicted to be phosphorylated in human CEACAM1 (35) . To demonstrate that these residues are phosphorylated in human CEACAM1, CEACAM1-4S-transfected MCF7 cells were grown in three-dimensional culture with or without 32 P i , cells were harvested and lysed, CEACAM1 was immunoprecipitated and proteins run on SDS gels, and the gels probed for 32 P by autoradiography or Western blotting with anti-phospho-Ser/Thr antibodies. The results shown in Fig. 7 demonstrate that CEACAM1 is indeed phosphorylated under these conditions and that there is evidence for phospho-Thr on the Western blots. To confirm these data, mutational analysis of Thr 457 and Ser 459 was performed (Thr/ Ser 3 Ala for neutral mutation analysis, and Thr/Ser 3 Asp to mimic phosphorylation). Each mutant was cloned and selected for equivalent surface expression on MCF7 cells (data not shown). In vector-transfected controls there was a minimal background level of lumen formation (10 -14%) compared with 93-97% for cells transfected with wild-type CEACAM1-4S (Table 1, Fig. 6 ). When Thr 457 or Ser 459 were mutated to either Ala or Asp, no change in lumen formation was observed compared with wild-type cells; however, when both Thr 457 and Ser 459 were mutated to Ala, lumen formation was reduced to the level of vector control cells. In contrast, when both of these residues were mutated to Asp, mimicking phosphorylation, lumen formation was restored, comparable with wild-typetransfected cells. These results strongly suggest that phosphorylation of either Thr 457 or Ser 459 is critical for controlling lumen formation. Because the phospho-Thr Western blot is stronger than the phospho-Ser blot (Fig. 7A) , we favor the explanation that phosphorylation of Ser 459 is recruited when Thr 457 is mutated to Ala. Conclusion-When the extracellular domains of CEACAM1-4S interact with each other across cell-cell junctions in a threedimensional model of mammary morphogenesis, they transmit signals that result in actin cytoskeleton reorganization and effect lumen formation via apoptosis of central cells within the acini. This is remarkable in that the short isoform of CEACAM1 has a cytoplasmic domain of only 12-14 amino acids. In most cases where cell surface receptors possess short cytoplasmic domains, they rely on membrane-or cytoplasmicassociated proteins for signal transduction. But in the case of CEACAM1-4S, this short stretch of amino acids can directly interact with actin (and other actin interacting molecules such as tropomyosin and AIIt), triggering subsequent cytoskeletal reorganization. The identification of a critical residue (Phe 454 ) in the cytoplasmic domain of CEACAM1 that is required for the actin interaction is reasonable in that the docking of hydrophobic residues into protein clefts is a major theme in proteinprotein interactions. However, if the interaction occurs constitutively, then one could ask does actin always occupy these sites? The finding that the amide of Phe 454 is deprotonated at pH 7 (most likely in the enol form) may provide an answer to this question, suggesting that protonation of the Phe 454 amide facilitates productive binding. Charge changes at the cytoplasmic surface of the plasma membrane have been reported and involve distinct microdomains in the lipid membrane (36 -38) . Regarding the mechanism of the protonation, we hypothesize that Lys 456 of CEACAM1 is involved because its modification (K456A) actually increases actin binding as shown in the yeast two-hybrid assay. Thus, in the correct context, Lys 456 may decrease actin binding at pH 7, whereas at lower pH increased binding may occur. In addition, Ca 2ϩ ion may affect binding because it can complex to adjacent membrane phospholipids changing the local pH. Because intracellular Ca 2ϩ ion is normally around 10 nM in the cytoplasm and only transiently raises from micromolar to millimolar concentrations during certain cell signaling processes, Ca 2ϩ ion fluxes within the cell could regulate actin binding to the cytoplasmic domain of CEACAM1-4S at the plasma membrane.
The critical role of Phe 454 in actin binding also affects lumen formation in a three-dimensional model of mammary morphogenesis as shown by transfecting MCF7 cells with a F454A CEACAM1-4S mutant. There is also evidence that Thr 457 and Ser 459 play roles in lumen formation. Specifically, the double mutation T457A,S459A blocks lumen formation in the threedimensional model of mammary morphogenesis. Because the phosphorylation mimicking mutants T457D and/or S459D restore lumen formation, it is likely that one of these residues must be phosphorylated to enable lumen formation. At this point we have not been able to identify all of the components of the downstream signaling pathway that execute the phosphorylation steps. However, we have shown that the mechanism may be mediated by the protease calpain and involves Bax in a mitochondrial mediated process (16) . Whereas much remains to be done to fill in the details of this complex process, we can state from the mutational analysis performed here, that even a short cytoplasmic domain can orchestrate sophisticated signaling events that were previously thought to require much larger protein domains.
